, does there exist a correlation between the timing when a centromere completes replication of its DNA and the order in Africa Garcia-Orad and Baldev K.Vig 1, * which the centromeres separate . tion of the pericentric region. Hamkalo's laboratory (see 10 -6 and 6⍥10 -6 M 5-azacytidine (5-AC) for 8 h, it resulted Hamkalo et al., 1993) carried out competition experiments in alteration of the sequence of centromere separation.
region, which might control the timing of separation of a given centromere.
The factors which control the sequential separation of the
The pericentric heterochromatin and the centromere are various chromosomes in a genome at the meta-anaphase associated with a host of proteins, e.g. CENPs (centromere junction are not well understood. In genomes in which proteins), dyneins, dynactins, condensins, cohesins and separation is correlated with the quantity of pericentric topoisomerases (for a review see for example Yanagida, 1995) . heterochromatin one factor appears to be the epigenetic It is not yet clear as to which protein performs which nature, namely condensation, of pericentric heterospecific function. However, it is known that proteins like chromatin. When we induced decondensation of periheterochromatin protein 1 (HP1) are associated with condensacentric heterochromatin in mouse cells with 10 -6 , 4⍥ tion of the pericentric region. Hamkalo's laboratory (see 10 -6 and 6⍥10 -6 M 5-azacytidine (5-AC) for 8 h, it resulted Hamkalo et al., 1993) carried out competition experiments in alteration of the sequence of centromere separation.
using Hoechst 33258, a derivative of bis-benzimidazole, and The centromeres which lacked pericentric heteroshowed that this chemical, as well as some others, can compete chromatin appeared not to have been affected because with HMG-1 protein. These chemicals, when added during there could not be an epigenetic alteration induced by 5-late S phase, inhibit proper reconstitution of the region of the AC. The major effect was on chromosomes with the largest chromosome which carries A:T-rich repetitive DNA, like quantity of pericentric heterochromatin. These chromoheterochromatin in mouse. These regions become highly somes separated at significantly higher frequency than in decondensed and fiber-like in appearance. the untreated population. We also treated human cells, in
If the timing of DNA replication is not a factor governing which separation does not depend upon the quantity of centromere separation, then this process could be governed by heterochromatin, with 2⍥10 -5 and 6⍥10 -6 M 5-AC for epigenetic factors, e.g. association/disassociation of proteins, 5 and 8 h. Compared with the control, 5-AC treatment modification of proteins, such as phosphorylation/dephosresulted in an increased frequency of separated centromeres phorylation, or even physical changes in the compaction of of acrocentric chromosomes in relation to those of nonthe centric/pericentric region. We have started looking into the acrocentric chromosomes. In the control the acrocentric role of compaction of the pericentric region on centromere chromosomes are the last to separate; in the treated separation using Hoechst 33258 (Vig and Willcourt, 1998) . In population there was almost random separation of the two these studies we reported that decondensation and elongation of types of chromosomes. This epigenetic alteration might be another factor which results in genesis of aneuploidy. the heterochromatic region generated by Hoechst 33258 results in aberration of the sequence of centromere separation in mouse. The Hoechst 33258 molecules intercalate into the major groove Introduction of the A:T-rich heterochromatin but not into the euchromatic region of mouse, which is not as A:T rich. The details of how At the meta-anaphase junction the centromeres of various Hoechst 33258 affects only the heterochromatin and why it chromosomes in a given genome separate into two daughter causes alterations in the sequence of centromere separation are units in a genetically controlled, non-random manner (Vig not well understood. et al., 1993) . In the human genome, for example, the The alteration in the sequence of centromere separation chromosomes split at the centromeres in sequence such that might result from a direct effect of Hoechst 33258 on the chromosomes 18, 17, 2 and 8 separate earliest. These are centromere or might result from the epigenetic phenomenon of followed by others, for example chromosomes 1, 9 and 16. decondensation of the pericentric heterochromatin. Distinction The last chromosomes to split at the centromere are the between these two alternatives is possible by studying the acrocentrics, namely 13, 14, 15, 21 and 22. In mouse and effect of other molecules which can also cause decondensation wood lemming the sequence of separation closely follows the similar to that induced by Hoechst 33258. One such molecule quantity of pericentric heterochromatin (Vig, 1982) ; the greater is 5-azacytidine (5-AC). This chemical, unlike Hoechst 33258, the quantity of heterochromatin, the later the separation. We does not bind to the DNA but is incorporated into the argued that the delay in separation associated with quantity of replicating DNA, replacing cytidine. In addition, it affects heterochromatin might reflect the sequence in which this region DNA methylation (Haaf, 1995) . Even though its mechanism of the chromosome completes replication. This prompted us of action is different from that of Hoechst 33258, the result to look into the timing of replication of the pericentric region. Interestingly, we found that neither in human nor in mouse in terms of epigenetic phenomena appear similar. In this clearly a significant effect of the quantity of pericentric applied for 5 and 8 h, respectively, yielded the best results. Since the purpose heterochromatin on centromere separation.
was to study decondensed heterochromatin, the cells were not treated with a
The A9 cell line exhibited a similar pattern of separation.
spindle inhibitor, which generally results in recondensation of the extended regions. In order to obtain comparable results, the controls were also not
The overall frequency of separation was 42.6% (244/573 treated with a spindle poison. [It has, however, previously been reported chromosomes). However, 100% (14/14) of chromosomes in (Figueroa and Vig, 1983 ) that application of colcemid does not result in Class 0 showed separation whereas the respective figures for an alteration in the sequence of centromere separation compared with Classes 1-3 were 58.8% (164/279 chromosomes), 26.1%
The cells were fixed in 3:1 methanol:acetic acid mixture. The cells Fig. 1 . A C-banded L929 mouse cell showing the various categories (marked as Class 0, 1, 2 or 3) into which the chromosomes were classified with regard to the relative quantity of pericentric heterochromatin. 0, no heterochromatin; 1, small quantity of pericentric heterochromatin; 2, medium amount of heterochromatin; 3, largest amount observed in the genome. Class 2 and 3 chromosomes were generally bi-armed chromosomes resulting from Robertsonian translocations. The separation sequence in the control, untreated cells depends upon the quantity of pericentric heterochromatin; note that some chromosomes with the largest amount of heterochromatin (Class 3) are still held at the centromeres while others have separated. Fig. 2 . A mouse L929 cell at metaphase treated with 10 -5 M 5-AC for 8 h exhibiting decondensation of pericentric heterochromatin. Note that various classes of heterochromatin can be identified by the degree of decondensation. Fig. 3 . A 5-AC-treated (4ϫ10 -6 M, 8 h) mouse L929 cell showing aberration of separation. Note that a chromosome belonging to Class 3 has separated while one in Class 2 is still held as one unit. This cell is an example of aberrant centromere separation in that a centromere surrounded by a larger heterochromatin block (large →) has separated before one with a smaller quantity (small →). Fig. 4 . An untreated human MDA 435 breast cancer cell at late metaphase. Note that almost all metacentric and submetacentric chromosomes have split at the centromere into two daughter units. The few chromosomes with unsplit centromeres include acrocentric chromosomes belonging to groups D and G (→). This control cell was exposed to colcemid, which is reported not to affect the sequence of centromere separation (see for example Figueroa and Vig, 1983) .
was similar. The separated chromosomes constituted 95.4% of the two treated populations from A9 and L929 cells, the overall impression is that there is a far higher frequency of separated the Class 0 population, 71.1% of Class 1, 63.5% of Class 2 and 56.3% of Class 3. Even though there are some minor chromosomes in Classes 2 and 3 amongst the 5-AC-treated populations compared with these classes in the control. If the differences in the frequencies of separated chromosomes in a Expected values are derived using the data for Class 1 chromosomes in respective controls as the basis for calculations as discussed in the text. All expected values marked a are significantly different from the control (χ 2 , P Ͻ 0.05), except for that marked b , P Ͻ 0.5.
data from both cell lines are pooled, a similar picture emerges, analyzed the data considering the relative frequency of separated chromosomes in various classes in the control and i.e. a relatively greater frequency of Class 3 and Class 2 chromosomes had separated when compared with the data in applying these relationships to the treated populations. Since 5-AC does not have an effect on the sequence of separation the control population. For instance, Class 3 exhibits 55.6% (203/464) chromosomes having separated and the figure for of centromeres which are not associated with heterochromatin (Class 0), it is logical to compare the relative separation of Class 2 is 60.2% (426/708). When these data are compared with the control data, based on the relative separation of Class chromosomes with a smaller quantity of heterochromatin (Class 1) with those with a larger quantity (Classes 2 and 3). 0 or Class 1 chromosomes in the control populations, the differences between the control and treated populations
The expected frequency of separated chromosomes in the treated populations for Classes 2 and 3 are given in Table I . turn out to be quite significant. The data in Table I show that decondensation of heterochromatin causes an alteration in the The analysis of the data to arrive at the expected frequency is explained by the following example. For the L929 control sequence of centromere separation.
If an alteration in the sequence of centromere separation population the separated chromosomes in Class 1 constitute a fraction of 0.66 (275/417 chromosomes). For Class 3 results from epigenetic changes generated by 5-AC treatment, then the least affected chromosomes should belong to Class chromosomes this fraction is 0.24 (49/201). The comparable figures for the cumulative data from the treated populations 0. This would mean that this group should show the highest frequency of separated chromosomes, as in the untreated are 0.71 (303/426) and 0.56 (138/245), respectively. Should the relationship between the separation coefficient for the population. This is what is observed. Pooling the data for all controls the frequency of separated centromeres in Class 0 is control be applicable to the treated population, there should have been 63/245 separated chromosomes in Class 3. In other 91.3%, compared with a frequency of 87.4% for this class for all treated populations. These differences are insignificant words, if we consider the somewhat higher percentage of separated chromosomes in Class 1 in the treated population (0.8 Ͻ P Ͼ 0.5, χ 2 ϭ 0.08).
If epigenetic change is the reason for the alteration in the than in the control (0.71 versus 0.66) and apply this relationship for separated chromosomes in Class 3 to the treated population, sequence of centromere separation, then this effect should be most pronounced on centromeres associated with pericentric the latter should have 63.4 (0.24/0.66ϫ0.71ϫ245) separated chromosomes in the total population of 245 chromosomes heterochromatin, i.e. a major shift in separation sequence should be observed for Classes 2 and 3. Superficially it analyzed. However, the actual number of separated chromosomes is 138/245, a figure about twice what is expected. clearly emerges that the frequency of separation of these classes of chromosomes is higher than that in the control.
Clearly, the differences are significant (P Ͻ 0.005). Based on these parameters, the expected numbers for various other However, a comparison of the absolute frequencies of separation, as discussed for the raw data above, can be misleading treatments are provided in Table I . At a glance the data show that the larger the extent of heterochromatin, the higher the since the samples available may be at different stages of the meta-anaphase transition. Hence, statistical comparisons degree of aberration (Class 3 versus Class 2). It is possible that the errors in centromere separation are cannot be made using the χ 2 test on this raw data. We therefore caused by a long delay in the separation of decondensed of acrocentric and 57.1% of non-acrocentric chromosomes had undergone centromere separation. These data also show that centromeres, as might be evident from the study of mitotic index. When the mitotic index of the control populations was in these cells the acrocentric and non-acrocentric chromosomes do not differ from each other in the frequency of separation compared with those of the 5-AC-treated cells it appeared that 5-AC treatment induced a prolonged metaphase. For example, (χ 2 , 0.2 Ͻ P Ͼ 0.5) or that the two groups of chromosomes exhibit random separation. the mitotic index in A9 controls ranged between 1.1 (44/4000 cells) and 1.13% (113/10 000 cells). It was more variable for the 5-AC-treated cells, ranging between 1.5% (36/2400 cells) Discussion for 6ϫ10 -6 M and 4.8% (202/4200 cells) for 10 -6 M treatment. However, a prolonged metaphase period, as also observed with
The foregoing data show that a 5-AC-induced epigenetic change (i.e. decondensation of pericentric heterochromatin) in application of colcemid (Figueroa and Vig, 1983) , does not per se influence the sequence of centromere separation (see mouse affects the sequence of centromere separation, especially in the chromosomes which harbor a large quantity of pericentric Discussion).
Treatment of MDA435 cells also provided evidence of heterochromatin. In human cells, in which the quantity of pericentric heterochromatin is not a defining factor for the 5-AC affecting the sequence of centromere separation. The control population of cells in the MDA 435 line was analyzed timing/sequence of centromere separation, the data show that 5-AC alters the sequence of separation by changing the pattern for separated and unseparated centromeres in the acrocentric as well as the non-acrocentric classes (Table II) . In untreated of separation of acrocentrics from late to early separation in comparison with non-acrocentric chromosomes. Apparently, MDA 435 cells the acrocentrics were amongst the last to separate (Figure 4 ). In this sample, when 35.9% acrocentrics the details of the effect of 5-AC on the mechanisms of centromere separation in the two species cannot be compared showed separation the corresponding figure for the nonacrocentric chromosomes was 72.6%. In other words, in terms of epigenetic changes; in human it can be done only by comparing chromosomes with differential quantities of separated acrocentrics comprised only 5.3% of all chromosomes while separated non-acrocentrics constituted 62%. Based pericentric heterochromatin with chromosomes in which the quantity of heterochromatin is uniform, i.e. only with 1, 9 or on an equal probability of separation for the two types of chromosomes, 148 acrocentric chromosomes should have 16. Nonetheless, acrocentrics in human cells, as a class, have highly repetitive DNA and all have moderate quantities of separated; the observed number was a little less than half. A χ 2 test of the data shows that the differences are highly pericentric heterochromatin. This might be a factor in the alteration of the pattern of centromere separation in MDA significant (P Ͻ 0.001).
In the experiment in which cells were treated with cells. Statistical treatment of the data in Table II shows that 5-AC treatment tends to bring the pattern of centromere 6ϫ10 -6 M 5-AC for 8 h a total of 627 chromosomes were analyzed. Among these, 57.8% acrocentric chromosomes and separation close to random. The data from mouse as well as human cells support the fact that, by some mechanism, 5-AC 71.1% non-acrocentrics exhibited separation. Even though the frequency of separation of non-acrocentric chromosomes in alters the sequence of centromere separation. The two chromatids of a chromosome separate from each this treatment is about the same as in the control (71.1 versus 72.6%), the differences between the two classes in the control other in late prophase. However, the two daughter centromeres remain attached until the meta-anaphase junction. These compared with the respective classes in the treated populations are significant. This is because relatively more chromoconstraints ensure the high fidelity of chromosome transmission to daughter cells. The biochemical and biophysical control of somes in the acrocentric category have separated in the treated population than in the control (57.8 versus 35.9%).
these events is poorly understood, even though cell cycle regulator molecules, like the cell division kinases, have Interestingly, however, the variation observed in the frequency of separation of acrocentrics and non-acrocentrics in the treated been implicated in the process. A discussion of many proteins and their effects on chromatid segregation have been the cell population is not significant (χ 2 , 0.2 Ͻ P Ͼ 0.5) MDA 435 cells treated with 2ϫ10 -5 M 5-AC for 8 h yielded subject of recent reviews (see for example Yanagida, 1995; Hirono, 1998) . It has been shown that pericentric hetero-906 analyzable chromosomes (Table II) . In this sample, 50% chromatin plays a crucial role in centromere separation and significance of physical changes in the various phases of the cell cycle and support the notion that DNA base composition function in mammals. Even in lower eukaryotes disturbances in the heterochromatin-equivalent segments of the pericentric is not necessarily the only, or always the primary, factor in the ultimate outcome of the cell cycle (see Vig, 1998) . This chromatin disrupt proper chromatid segregation: one example is mutations derepressing silent centromeric domains in fact gains support from the observation that 5-AC-treated cells with pronounced extensions representing large C-bands showed fission yeast (Allshire et al., 1995) . At least in mouse cells one epigenetic change, namely decondensation of pericentric a more aberrant pattern of centromere separation than those with small extensions. heterochromatin induced by Hoechst 33258, causes a disturbance in the sequence of centromere separation (Vig and From a practical point of view, such studies are of significance in that phenomena like premature centromere separation Willcourt, 1998 ). The present report shows that decondensation induced by 5-AC also results in such aberrations. These two have been linked to non-disjunction and, hence, the genesis of aneuploidy. This suggestion was made in the early 1980s studies support the conclusion that it is the alteration in the physical state of pericentric heterochromatin which causes from the study of prematurely separating human X chromosomes (Fitzgerald, 1987) and out-of-phase separation of changes in the sequence of centromere separation and not other possible effects of treatment with 5-AC or Hoechst centromeres (Vig et al., 1993) . More recently, Angell (1997) has shown a correlation between aberrant centromere separation 33258. The two drugs interact with the chromatin material differently; 5-AC demethylates cytosine residues in the DNA and non-disjunction in human oocytes. In similar studies, Mailhes et al. (1998) have shown a relationship between and is incorporated into DNA replacing cytidine, whereas Hoechst 33258 intercalates in the large groove of the DNA. It premature separation of centromeres and aneuploidy in a population of mouse oocytes. It was in consideration of such was also casually noted that 5-AC-treated cells in which the heterochromatin was only minimally decondensed showed no correlations that the present study, analyzing the relationship between centromere separation and 5-AC-induced decondensaor very little effect on the sequence of centromere separation in mouse.
tion of heterochromatin, was undertaken. We have previously shown that the sequence of centromere separation in mouse depends upon the quantity of pericentric
